The importance of specific neurons to a network's function is best studied by precisely timed, 9 reversible silencing of these neurons. Previously, we showed that alternating magnetic field mediated 10 heating of magnetic nanoparticles bound to neurons expressing temperature-sensitive cation channels 11 TRPV1, stimulates these neurons to fire and affects animal behavior in vivo (Munshi et al., 2017) . Here,
Introduction 20
Spatially and temporally tightly regulated signaling in complex brain circuits control 21 behavior, emotions and all brain function. Tools to modulate specific network components and 22 connections are absolutely crucial in the study of the functional connectivity of these circuit. In 23 the past decade, electrical, optical, chemical, and magnetic tools to activate specific neurons 24 deep in the brain have been developed (Deisseroth, 2015; Kim, Adhikari, & Deisseroth, 2017; 25 Warden, Cardin, & Deisseroth, 2014). However, the only sure test whether a network 26 component is essential, is to transiently silence that component (Nomura et al., 2015) . So far, 27 only a few silencing approaches have been developed (Chow et al., 2010; Okazaki, Sudo, & 28 Takagi, 2012; Slimko, Mckinney, Anderson, Davidson, & Lester, 2002) . Silencing is typically 29 achieved by maintaining the membrane potential negative enough to suppress action potential 30 firing (Hodge, 2009 ). Pharmacological approaches use engineered small molecules to manipulate 31 G-protein signaling pathways (Stachniak, Ghosh, & Sternson, 2014) or ligand gated ion channels 32 to subdue action potentials (Lerchner et al., 2007; Slimko et al., 2002) . Optogenetic tools employ 33 modified opsins as light driven inward chloride pumps or outward proton pumps (Chow et Wietek et al., 2014; Jonas Wietek et al., 2015) , which provided a light gated ion channel based 38 silencing mechanism. 39 Photothermally induced hyperpolarization in wild type neurons have also been achieved by 40
interfacing with a variety of engineered materials, ranging from conjugated polymers (Feyen et 41 al., 2016) to plasmonic gold nanorods (Yoo, Hong, Choi, Park, & Nam, 2014) . Upconversion 42 nanoparticles, which absorb in the near infrared region and emit in the wavelength range of 43 inhibitory opsins, has been used to remotely silence deep brain neurons (X. Lin et al., 2018) . 44
Here, we introduce magnetothermal silencing, using the heat generated by 45 superparamagnetic nanoparticles to activate the thermosensitive chloride channel Anoctamin 1 46 (TMEM16A) (Cho et al., 2012; Yang et al., 2008) . We co-transfected membrane protein 47 Ano1/TMEM16A and cytosolic calcium indicating protein GCaMP6f (Chen et al., 2013) in rat 48 hippocampal cultures. Polymer encapsuled superparamagnetic nanoparticles were bound to the 49 neuronal plasma membrane via A2B5 antibodies. When exposed to alternating magnetic fields, 50 these particles get heated, raising the membrane temperature (Rosensweig, 2002) . The elevated 51 membrane temperatures opened Ano1/TMEM16A channels causing inhibition of calcium spiking 52 recorded by the GCaMP6f signal. Within seconds of turning the magnetic field off, the 53 membrane cooled off and calcium spiking resumed. As Ano1/TMEM16A is a chloride channel 54 naturally occurring in mammals (Cho et the TTX was washed out with high K + imaging buffer (NaCl 145, CaCl 2 2, MgCl 2 1, KCl 4.5, HEPES 72 10, Glucose 20 (all in mM)). Experiments were started only after regular Ca 2+ activity was 73 observed, following the TTX wash. Cells expressing Ano1/TMEM16A were identified by the 74 mCherry marker ( Figure 1A 2013). The average GCaMP6f peak, corresponding to an isolated action potential (AP) firing was 77 indistinguishable between neurons with and without Ano1/TMEM16A. Measured at 37 o C, the 78 rise times (duration until calcium peak is reached) were 0.275 ± 0.048 s and 0.250 ± 0.029 s (p = 79 0.674), and the half-decay time for the Ca 2+ decay were 0.274 ± 0.011 s and 0.290 ± 0.055 s (p = 80 0.801) in Ano1/TMEM16A +/neurons respectively (Figure 1 - Figure Supplement five second AP firing rates in Ano1/TMEM16A + cells were significantly reduced from 37 o C to 39 89 o C: from 2.29 ± 0.26 at 37 o C to 1.06 ± 0.06 at 38 o C and 0 at 39 o C (p = 0.016 at 38 o C (n = 4) and 90 p = 0.003 at 39 o C (n = 5) compared to 37 o C, unpaired T-test) ( Figure 1C ). On the other hand, the 91 AP firing rate of Ano1/TMEM16Aneurons did not change over the same temperature range (AP 92 rates averaged over five seconds (n = 5) were 2.20 ± 0.72 at 36 o C, 1.98 ± 0.32 at 37 o C, 1.85 ± 93 0.15 at 38 o C and 1.45 ± 0.13 at 39 o C). The p-values of rates, compared to 37 o C was 0.707 at 94 38 o C and 0.168 at 39 o C, obtained by unpaired T-test ( Figure 1D ). 95
The firing rates of neurons with Ano1/TMEM16A were indistinguishable from the rates of 96 neurons without the channel at 36 o C and 37 o C (p = 0.663 and 0.453, respectively). However, at 97 at 38 o C and 39 o C they deviated significantly (p = 0.0227 and 0.0051, respectively) ( This establishes that AP firing in Ano1/TMEM16A overexpressing neurons is significantly 101 suppressed at temperatures above 37 o C, while wild type neurons show no such change. 102
Heating Neuronal Plasma Membrane with Nanoparticles 103
For remote magnetothermal silencing of Ano1/TMEM16A + neurons, we applied 104 superparamagnetic nanoparticles to the cell membrane as local heating agents. Core-shell 105 nanoparticles with a 6.7 ± 1.0 nm MnFe 2 O 4 core, a CoFe 2 O 4 shell and a total inorganic diameter 106 of 12.9 ± 1.4 nm were encapsulated in PMA (dodecyl-grafted-poly-(isobutylene-alt-maleic-107 anhydride)(C. A. J. Lin et al., 2008; Zhang et al., 2015) . The specific loss in power (SLP) of these 108 particles, suspended in water, was 553 ± 10 W/g in a 37 kA/m alternating magnetic field (AMF), 109 driven at 412.5 kHz. The outer PMA layer was functionalized with Neutravidin labeled with Alexa 110
Fluor 647 fluorophore (see Methods). To specifically target nanoparticles to the neuronal cell 111 membrane, we briefly incubated neurons first with biotinylated A2B5 antibodies. Then the 112
Neutravidin-dye tagged nanoparticles were added (see Methods). After washing, only the 113 membrane bound nanoparticles remained (Figure 2A Figure 2D , for visual guidance. It is to be noted here that the AMF application lasts 130 from 0 -5 s, and the cooling of the membrane starts instantaneously with the turning off of the 131
AMF. 132

Magnetothermal Silencing of Ano1/TMEM16A + neurons 133
To demonstrate transient magnetothermal, Ano1/TMEM16A mediated silencing of neuronal 134 activity we co-transfected cultured, mature rat hippocampal neurons with mAno1/TMEM16A-135 mcherry and GCaMP6f plasmid DNAs, 48 hours prior to the experiment. 1 µM TTX was added to 136 the culture medium 24 hours prior to the experiment (see Methods). Before the experiment, 137
Alexa Fluor 647 labeled magnetic nanoparticles (MNPs) were bound to the neuronal membrane, 138 using biotinylated A2B5 antibodies (see Methods). Ano1/TMEM16A + neurons were identified via 139 mCherry marker. Cells were washed with high K + imaging buffer to remove any remaining TTX 140 molecules as well as any unbound antibodies or MNPs. Spontaneously firing neurons were 141 selected by their GCaMP6f signal. 142
Perfusion of the high K + imaging buffer was maintained at 2 ml/minute and the temperature 143 of the sample holder was held at 37 o C by a temperature controlled inline heater. AMF (300 ± 13 144 Gauss, 412.5 kHz) was applied for 5 seconds intervals using a magnetic hyperthermia coil placed 145 over the Delrin sample holder. Autofocus stabilized GCaMP6f fluorescence images were acquired 146 by a camera at a sampling rate of 10 Hz (schematic, Figure 2C ). Average GCaMP6f fluorescence 147 traces, obtained as mean intensity of the pixels spanning the soma of neurons clearly showed 148 suppression of Ca 2+ influx upon AMF application in Ano1/TMEM16A + neurons (representative 149 traces, Figure 3A ). Computed AP events (shown with black bars, under each GCaMP6f 150 fluorescence trace, Figure 3A) show complete silencing in most cases. The AP events were 151 pooled from Ano1/TMEM16A + , MNP + neurons from different cultures (n = 9), where cells with 152 different initial spiking rates (at 37 o C) were chosen. Firing rates (mean ± sem, Hz), binned over 153 two second intervals are shown in Figure 3B In contrast, Ano1/TMEM16A -, MNP + neurons showed no significant change in firing rates 167 with AMF heating. Firing rate at 37 o C, before AMF application was 2.20 ± 0.50 AP per 5s. During and a final period, when Ca 2+ activities resumed to baseline levels (between 22 -30 s). In Figure  183 4B, a reduced slope is observed in the pooled integration plot, following the AMF application. 184
This corresponds to the silenced period, which is followed by resuming Ca 2+ activities, revealed 185 by a increasing slope. During the silenced state, the slope was suppressed by 82.04 ± 8.84 % 186 compared to the baseline slope (suppression ratio). This slope during silencing was significantly 187 different from the baseline values (p-value = 0.028 (n = 12, unpaired T-test)). The median 188 suppression ratio was 95.45 %, while the third quartile was at 67.99 %. After normal firing 189 resumed, the slope was indistinguishable from the starting slope (reduction was -8.98 ± 28.98 %) 190 ( Figure 4C) . 191
To determine latency and duration of magnetothermal silencing of Ano1/TMEM16A + , MNP + 192 neurons, we determined the time (with AMF start at time = 0s) of the intersection points of the 193 sectional fitting lines (indicated by 1 and 2 in Figure 4A ). Intersection of the slope of baseline 194 activity with the slope of the silenced period defines the beginning of inactivation and hence the 195 latency of silencing. Similarly, the intersection of slope during silencing with the slope of the 196 recovered activity defines the end of silencing. We found the latency of silencing in 197 Ano1/TMEM16A + , MNP + neurons to be 1.88 ± 0.48 s (after the start of AMF). The end of 198 silencing was observed at 13.93 ± 2.02 s, giving a silencing period of 12.05 ± 2.48 s for 5 s long 199 and 30 kA/m at 412.5 kHz AMF ( Figure 4D) . 
Transfection of Hippocampal Neurons 234
Plasmids encoding Anoctamine1 with an mCherry marker (Ano1/TMEM16A-mCherry) and 235
GCaMP6f were introduced into the hippocampal neurons using Calcium Phosphate method, 236 following published protocols (Jiang & Chen, 2006) . Transfection was performed on DIV 4 or 5 237
using 5 µg Ano1/TMEM16A-mCherry p-DNA and 2 µg GCaMP6f p-DNA in 35 mm dishes (Corning) 238 with four 12 mm poly-L-lysine coated cover slips. 239
Preparation of Neurons for Silencing and Imaging 240
After transfection, the neuronal cultures were placed in incubator (37 o C, 5% CO 2 ) for next 241 48-72 hours before experiment. 24 hours prior to the experiment, 1 µM TTX (Tetrodotoxin, 242 sigma-Aldrich) was added to the culture media. For imaging, the neurons were placed in imaging 243 bath solution (NaCl 145, CaCl 2 2, MgCl 2 1, KCl 2.5, HEPES 10, Glucose 20 (all in mM) at pH 7.34, 244 and the osmolality was adjusted to 310-315 mOsmole/L. 245
Synthesized superparamagnetic core-shell Co-Mn-Ferrite nanoparticles (MNP) coated with 246 PMA (poly-isobutylene-maleic anhydride) were functionalized by covalently attaching 247
Neutravidin (Thermo Scientific Cat # 31000) to the PMA layer. Prior to this step, neutravidin was 248 modified to attach dye molecules (Thermo Fisher Cat # A37573). Cells growing on 12 mm cover 249 slips were incubated (10 minutes at 37 o C) with 1.5 µl of biotinylated A2B5 antibody (Invitrogen 
Live Cell Imaging Under Alternating Magnetic Fields 256
Alternating magnetic fields (AMF) were generated by a 5 mm Ф, 5 turn water cooled copper 257 coil ( Figure 2C ) driven by a 7.5 kW ac power supply (MSI Automation). The coil flanked the 258 imaging dish (ALA MS-512DWPW) placed over the microscope (Zeiss Axio Observer A1.0m) 259 objective (Zeiss, working distance, 0.71 mm). Oscillating magnetic fields heat the metallic 260 objective by producing eddy currents, causing focus shift and aberrations. To correct these in the 261 real time, we used a fast, customized piezoelectric autofocus system (Motion X Corporation, 780 262 nm laser interferometer based) ( Figure 2C) . A custom-made microenvironment chamber was 263 used to enclose the entire microscope with a stable, externally regulated temperature inside. if the baseline showed substantial bleaching based decay. For this, the baseline was fitted to an 279 exponential function and a modified signal was obtained according to Equation (2). 280
Here,
is the signal values obtained after dark noise cancellation and )) ( ' t F fit is the 282 corresponding exponential fit function. Data, thus modified contained calcium peaks over a 283 constant baseline. The data was then normalized and converted to percentage change in 284 fluorescence. The percentage change in fluorescence intensity was given by Equation (3). 285
where, 0 F is the bleach corrected baseline ROI intensity and ) (t F , the intensity at any time t .
286
Reconstructing the Firing Pattern from GCaMP6f Calcium Signals 287
The signal gain and temporal resolution of GCaMP6f makes it sensitive enough for single 288 action potential detection. However due to the long decay time of GCaMP6f, it is challenging to 289 isolate AP spikes from an AP train (Chen et al., 2013) . To extract action potential events from a 290
GCaMP6f fluorescence signal (Ca 2+ peaks), we first isolated all single peaks from the intensity 291 normalized (and baseline corrected) data. Isolated spikes produce a GCaMP6f peak intensity of 292 about 5% of the baseline. Pooling such isolated spike related GCaMP traces, we obtained the 293 average GCaMP peak, corresponding to single AP firing (Figure 1 -figure supplement 2B) . The 294 average spike wave was then interpolated linearly to increase the temporal resolution to 100 Hz. 295
A null wave of time length equal to that of the original data, but of 100 Hz frequency (in 296 contrast to 10 Hz, in the original data) was created. The null wave was then converted to a binary 297 wave, with ones at the location of estimated AP spikes (Figure 3 -figure supplement 1A) . The 298 estimated calcium profile from the single spike (from the previous section) was then convolved 299 with the binary wave. An overlay of the normalized data and its corresponding convolution 300 based reconstruction is shown in Figure 3 Average firing rates (in Hertz) were found in two ways. The total number of events in a given 306 time interval were counted. Dividing the total events by the time interval gave the frequency of 307 AP firing in Hertz (Figure 3 ). Another estimation of firing rate was done by first numerically 308 integrating (trapezoidal) the spike train data (binary wave). Integrated values were obtained at 309 each point of the integrand; giving the integrated wave a constant time scaling of 0.01 s. Linear 310 fit of the integration trace over fixed regions, corresponding to the time intervals of interest was 311 then done ( Figure 4) . The slope of the line thus obtained, gave the probability of finding an 312 action potential in the given time interval. Since, data points were 0.01 s apart, the average 313 frequency of AP firing (in Hz) over the time span was given by 314
is the coefficient of the first order term of the linear fit of the integrated spike train 316 wave at any time t , and AP  is the average frequency of spiking in within the time interval. 317
Finding the latency and duration of silencing 318
To find the silencing latency and duration, individual spike train integration plots were divided 319 into three temporal sections, for linear fitting. The first section represented the state before the 320 AMF was applied. The second section, covered the period of inactivation (silencing), while the 321 third section represented the period when firing had resumed after inactivation. The point of 322 intersection of the fitting lines of the first and the second sections gave the starting time of 323 activation, while the intersection of the fitting lines of the second and third sections gave the 324 ending time of the inactivation period. Average start and end times were calculated from the 325 times obtained from individual plots ( Figure 4D) . 326
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